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Abstract⎯During the past 30 years my laboratory has generated 40+ monoclonal antibodies (mAbs) directed
to structural and conformational epitopes on human ACE as well as ACE from rats, mice and other species.
These mAbs were successfully used for detection and quantification of ACE by ELISA, Western blotting, f low
cytometry and immunohistochemistry. In all these applications mainly single mAbs were used. We hypothe-
sized that we can obtain a completely new kind of information about ACE structure and function if we use
the whole set of mAbs directed to different epitopes on the ACE molecule. When we finished epitope mapping
of all mAbs to ACE (and especially, those recognizing conformational epitopes), we realized that we had
obtained a new tool to study ACE. First, we demonstrated that binding of some mAbs is very sensitive to local
conformational changes on the ACE surface—due to local denaturation, inactivation, ACE inhibitor or mAbs
binding or due to diseases. Second, we were able to detect, localize and characterize several human ACE
mutations. And, finally, we established a new concept—conformational fingerprinting of ACE using mAbs that
in turn allowed us to obtain evidence for tissue specificity of ACE, which has promising scientific and diag-
nostic perspectives. The initial goal for the generation of mAbs to ACE 30 years ago was obtaining mAbs to
organ-specific endothelial cells, which could be used for organ-specific drug delivery. Our systematic work
on characterization of mAbs to numerous epitopes on ACE during these years has lead not only to the gener-
ation of the most effective mAbs for specific drug/gene delivery into the lung capillaries, but also to the estab-
lishment of the concept of conformational fingerprinting of ACE, which in turn gives a theoretical base for the
generation of mAbs, specific for ACE from different organs. We believe that this concept could be applicable
for any glycoprotein against which there is a set of mAbs to different epitopes.
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INTRODUCTION
In 1975, George Kohler and Cesar Milstein published

the article in Nature, that later became famous, about the
generation of the immortal cell lines (hybridomas) that
produce monoclonal antibodies (mAbs) of the pre-
defined specificity [1]. This method, for which they
were awarded the Nobel Prize in Physiology and Med-
icine in 1984, quickly changed the diagnostics, almost
completely replacing polyclonal antibodies in the
quantitative determination of all proteins and thou-
sands of other substances using ELISA, Western blot-
ting, immunohistochemistry as well quantification of
cell subpopulations using f low cytometry.

In recent years, the mAb has begun to dramatically
change the therapy (and, first of all, cancer therapy).
Currently, more than 80 mAbs are used in the therapy

of many cancers, autoimmune and other diseases. The
irony is that the profits of pharmaceutical companies
from the sale of mAbs are now estimated at dozens of
billions of dollars, whereas in 1975 the Office of the
Technology Transfer of the famous Laboratory of
Molecular Biology (Cambridge, UK) refused to pro-
mote the patent application, considering it “commer-
cially unpromising” [2].

In 1983, at the Institute of Experimental Cardiol-
ogy (belonging to National Center of Cardiology,
Moscow USSR) where I was working at the time, the
director of the Institute, Vladimir Smirnov, organized
new group for the generation of mAbs against various
proteins, which were of interest to the various labora-
tories of our Institute and our collaborators. For a rela-
tively short period of time, the staff of this group (led by
Ilya Trakht), along with interested users, generated
dozens of mAbs to various proteins.1 The article was translated by the author.
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My group, which was cultivated and studied endo-
thelial cells (cells lining blood vessels), was interested
in the possibility of mAbs generation, capable of rec-
ognizing the endothelium of capillaries of different
organs, which differed both functionally and morpho-
logically [3]. Such antibodies, whether they were
obtained, could be used for targeted delivery of drugs
or genes to different organs (one of the approaches
studied intensively in our Institute).

To obtain antibodies recognizing the organ-spe-
cific endothelium, first we (with Elena Allikmets
(Sadovnikova) in 1984 developed an effective method
of culturing human endothelial cells (using a set of
human growth factors [4], and then a pure cultures of
endothelial cells of the capillaries of the lungs, liver
and kidneys were obtained.

However, this took more than a month for the
cloning and verification of these cells, and as a result
we obtained one 35 mm Petri dish of each type of cells,
which, of course, could not be sufficient for immuni-
zation of mice and subsequent screening of the hybrid-
omas.

An alternative approach to the production of
organ-specific antibodies could be the generation of
mAbs to membrane proteins on the surface of endo-
thelial cells, the structure of which differed in different
human organs. Ivan Sakharov, who at that time
worked at our Institute, proposed that angiotensin-
converting enzyme (ACE) could be such protein,
while honestly speaking, scientific ground for this
hypothesis was practically absent.

SHORT CHARACTERISTICS OF ACE
ACE is Zn-dependent C terminal dipeptidase

(MW about 170 kDa), which metabolize different bio-
logically active peptides (Angiotensin I, bradykinin,
Ac-SDKP) and play a key role in the blood pressure
regulation and vascular remodeling. Besides, this
enzyme participates in the metabolism of neuropep-
tides, immune and reproductive function, cell signal-
ing [5, 6].

ACE is glycoprotein and integral membrane pro-
tein of type I and accepted as Cluster Differentiating
antigen – CD143 [7]. Main physiological functions of
ACE performed by membrane-bound enzyme [8] on
the surface of endothelial, epithelial and neuroepithe-
lial cells ([9] and references herein) and also immune
cells (macrophages and dendritic cells [10, 11]. Mem-
brane-bound secretase (which still is not identified)
cleaved ACE from the surface in the stalk region,
above transmembrane anchor [12]. Soluble ACE was
found in the blood, seminal and other biological fluids.

The concentration of ACE in the biological f luids
considered as an important clinical parameter. In a
healthy population ACE levels is quite stable with a
time [13], while significantly increased at sarcoidosis
[14] or Gaucher disease [15, 16]. Besides, ACE gene

polymorphism lead to 3–4 fold differences in blood
ACE levels in population [17, 18]. And, finally, muta-
tions in ACE gene lead to dramatic decreased in ACE
surface expression [19], or significant increase in ACE
shedding from the cell surface [20, 21] or secretion
from the cells [22, 23], which increased ACE levels in
the blood 5–15 fold (respectively).

There are two form of ACE in humans—somatic
(tissue) ACE and testicular ACE (on spermatozoa).
Somatic form of ACE consists of two homologous
domains (N and C) in one polypeptide chain and each
domain has active center [24]. Testicular ACE has one
domain (one active center) and practically completely
correspond to C domain of somatic ACE. Crystal
structure of somatic ACE is still not obtained, but reli-
able models were proposed based on crystal structures
of the single N and C domains and electron micros-
copy picture of somatic enzyme.

Increased expression of ACE is one of the reasons
for diabetic nephropathy, hypertension and some
other cardiovascular complications, that is why ACE
inhibitors, introduced in the clinical practice more
than 30 years ago became drugs of 1st choice at several
cardiovascular diseases [26].

The story described below is an illustration of the
fact that despite of an absence of strong scientific
background of the organ-specificity of ACE at time
when we started the project, systematic and intensive
work on generation and characterization of numerous
mAbs to different epitopes of ACE during these years
lead not only to the generation of the most effective
mAbs for targeted gene and drug delivery to the lung
endothelium, but also to the establishment of the con-
cept of conformational fingerprinting of ACE, which in
turn, gave theoretical base for the generation of mAbs
specific for ACEs from different human organs.

GENERATION OF MONOCLONAL 
ANTIBODIES TO HUMAN ACE

First immunization of mice was performed by the
mixture of ACEs, isolated by I. Sakharov’s team from
different human organs [27–29]. We planned that
positive clones of hybridomas, selected on the mixture
of ACE from different organs, will be tested then on
each ACE separately. However, as a result of the mis-
take (detergent Tween-20 (0.05%) was not added into
washing buffer) we selected a lot of false-positive popula-
tions of the hybridomas, that were not confirmed later in
more specific test-precipitation of ACE on the bottom of
the wells in microtiter plate by mAbs with determination
of ACE activity (immunocapture enzyme immunoas-
say) [30]. Therefore, we carried out the following
immunization with an ACE from the lungs (which was
available in sufficient quantity).

When in 1983 the work on mAbs generation to var-
ious proteins began in our Institute, it was considered
unconditional luck simply to obtain at least one mAb
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(i.e., a unified reagent produced in unlimited
amounts), specifically binding to the protein of inter-
est with high affinity.

Therefore, the selection of positive hybridomas was
built on a single template (as until recently and
throughout the world): several hundred hybridomas
were screened and one population was selected with
the strongest signal, which was cloned and propagated
to obtain a stable hybridoma producing antibodies of
the highest affinity.

Intuitively, I assumed that if several antibodies
could be obtained to different epitopes of the protein
of interest (in our case, ACE), then such antibodies can
serve as structural and functional “probes” for those
parts of the antigen where their epitopes are located.
(Later I found a series of articles by S.J. Tzartos,
devoted to the study of the acetylcholine receptor
using the mAbs panel to different epitopes [31], which
confirmed my thoughts).

Therefore, during primary screening of hybridomas
(generated and cultivated by Elena Allikmets
(Sadovnikova) and Ilya Trakht) using ELISA on pure
lung ACE we selected ALL positive populations (127),
which I tested further on antigen-binding properties in
immunocapture test [32], that eliminated possible
false-positive (in ELISA) hybridomas with heterofilic
antibodies) [33].

Using such double-tests we generated 14 popula-
tions of the hybridomas, that produced 8 non-identi-
cal mAbs against human lung ACE, that were cloned
and carefully characterized [30]. All these 8 mAbs
from 1st successful hybridization recognized epitopes
on the N domain of ACE. Two of them were stained
denatured ACE in Western blotting (i.e. recognized
sequential, linear, continuous epitopes), while other
six mAbs bound only native, catalytically active ACE
in solution or immobilized on the plastic (i.e. recog-
nized conformational, discontinuous epitopes).

I should also mention that all mAbs from the other
series of mAbs to ACE, that were obtained by H. Tow-
bin and F. Alhenc-Gelas, which were analysed in the
same paper [30] recognized only linear (continuous)
epitopes of ACE. Positive population of hybridomas in
this series were selected using purified human kidney
ACE, that was labeled by I-125. Likely, during radio-
labeling procedure, pure ACE was significantly dena-
tured, therefore hybridomas were selected that pro-
duced mAbs recognizing linear epitopes. Later we
demonstrated that even simple adsorption of catalyti-
cally active ACE to the plastic for ELISA results in
partial denaturation [34]. Therefore, during genera-
tion of mAbs to conformational epitopes of ACE (and
likely, other proteins) catalytically active ACE (or
other proteins) preferably should be used in solution,
because any manipulation with ACE (including sim-
ple sorption on plastic) lead to partial denaturation.

Naturally, we also wanted to get a panel of mAbs
recognizing epitopes on the surface of the C-domain

of the ACE, so together with Irina Balyasnikova we
received two sets of mAbs against linear (denatured)
and native (conformational, discontinuous) epitopes
on the surface of the human C-domain and character-
ized it in detail [35, 36]. To exclude the possible mask-
ing effect of the N-domain on the immune response to
epitopes located on the C-domain of the ACE (due to
the masking of part of the C domain of the N-domain
globule [37]), the mice were immunized with purified
recombinant testicular ACE (expressed in CHO cells),
which contains only the C-domain. As a result, we
obtained 8 mAbs to conformational epitopes and 8 mAbs
to denatured epitopes on the C domain of human
ACE. A few more years have been spent on complete
epitope mapping of all these mAbs [34–36, 38–42],
conducted jointly with the groups of Olga Kost (Mos-
cow University) and Edward Sturrock (University of
Cape Town, South Africa).

When we finished epitope mapping of all mAbs to
human ACE we realized that we obtained a very pow-
erful tool to study ACE.

First of all, we demonstrated that the binding of
some mAbs was extremely sensitive to local changes in
ACE conformation—due to local denaturation or
inactivation, binding of ACE inhibitors or antibodies
to ACE, or due to several diseases [34, 39, 40, 43–45].

Secondly, we were able to detect and localize sev-
eral ACE mutations [21–23, 46–49].

And, finally, the concept of conformational finger-
printing of ACE using mAbs [50] was formulated,
which in turn allowed to prove the tissue specificity of
ACE, which seems to have very large scientific and, at
least, diagnostic prospects.

Since conformational fingerprinting can be applied
to any protein-antigen, to which mAbs to different epi-
topes were generated, the concept of tissue specificity
can also be applied to any glycoprotein. Therefore, we
will discuss this concept in more detail.

CONFORMATIONAL 
FINGERPRINTING OF ACE

During these 30+ years my lab generated and char-
acterized more than 40 mAbs directed to sequential
epitopes (recognizing linear parts of the polypeptide
chain) as well as conformational (discontinuous) epi-
topes on ACE of human, rat, mice and other species
[30, 32, 34–36, 51–53]. These mAbs were successfully
used for ACE quantification using ELISA [18], f low
cytometry [11, 50, 54], Western blotting [34, 38], and
inmmunohistochemistry [55]. In all these applica-
tions only single mAb (once—two mAbs [46]) was
used. However, it gradually became clear that a funda-
mentally new information on the structure and func-
tioning of the ACE can be obtained if to use a whole
set of mAbs –to different epitopes.

When we finished epitope mapping or mAbs on the
ACE molecule, we noticed that all 16 mAbs directed to
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conformational epitopes of human ACE contain
potential glycosylation sites (Fig. 1a), which in the
ACE molecule are 17 (10 in the N-domain and seven
in the C-domain [24]. Since the combined work of
more than 100 genes is responsible for the glycosyla-
tion of human proteins [56], it could be assumed (and
experimental evidences were obtained) that the com-
bined expression of these genes (and hence the glyco-

sylation of the same protein) should differ in different
organs [57]. This can be schematically represented as
follows: the ACE gene encoding the amino acid
sequence of the protein is the same in all organs (like
my daughter’s face), whereas the set of sugars (glycans)
decorating various ACE glycosylation sites (and hence
the surface conformation of the ACE) is different in dif-
ferent organs (as well as my daughter’s hair, Fig. 1b).

Fig. 1. Conformational fingerprinting of ACE. (a) Epitopes of mAbs to ACE contain potential glycosylation sites. The model of
the mutual arrangement of N-and C-domains within the two-domain somatic ACE was based mainly on the results of mapping
the epitopes of mAbs 1G12 and 6A12 on the N-domain (blue) and mAb 1E10 and 4E3 on the C-domain. The region of epitopes
is shown by circles with a diameter of about 25–30 Å, which corresponds to an area of 600–900 Å2. Most epitopes contain poten-
tial glycosylation sites—colored green (the pattern is adapted from Fig. 1 in [50]). (b) Diagram illustrating the concept of confor-
mational fingerprinting of ACE. The identical face of the girl in all the pictures reflects the presence of one gene that encodes the
amino acid sequence of an ACE molecule in different organs (and cells) of a human. Different hairstyles mean that the glycosyla-
tion of ACE in different organs and cells can differ significantly, which leads to differences in the local surface conformation of
ACE in different organs and cells.

Epitopes of mAbs on the surface of ACE

(a)

(b)

Prostate
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Using a set of 16 mAbs to different epitopes on both
domains of ACE we demonstrated that a pattern of
binding of these mAbs–conformational fingerprint of
ACE was different for human recombinant ACE
expressed in different cells (CHO vs HEK) or in the
same CHO cells, but at different culture conditions or
for ACE from different native human cells—endothe-
lial cells versus macrophages [50]. When we performed
ACE phenotyping at different diseases we also found
that the conformation of ACE, synthesized in vivo in
different organs/tissues also differ.

According to my rough estimates, under normal
conditions, approximately 75% of ACE in the blood
plasma derived from the endothelial cells of the lung
capillaries. This estimation is based on the facts that
(1) 30% of all capillaries localized in the lung [58];
(2) almost 100% of lung capillaries are expressed ACE–
in a sharp contrast to capillaries in systemic circula-
tion, where only 10–15% of ACE-positive capillaries
were found [9].

As I already mentioned, in healthy donors the level
of ACE in the blood is quite stable, whereas in sarcoid-
osis or Gaucher disease there is a significant increase
in the level of ACE in the blood (2–5 fold). Sarcoid-
osis is a systemic granulomatous disease which char-
acterized by granuloma formations at first in the lungs,
and then, during generalization of the process—in the
lymph nodes, heart, liver, spleen and even neural sys-
tem. In the organs with granulomas the ACE levels
(both activity and protein) increased up to 10–15 fold
[59]. It is sarcoid granulomas that are the source of a
high content of ACE in the blood. Thus, during the
development of these diseases in the blood, in addition
to the ACE coming from the endothelial cells of the
lung, an enzyme produced by macrophages and den-
dritic cells (Fig. 4 in [50]) will be present, the surface
conformation of which may be different.

Analysis of binding of mAbs to ACE in the plasma
of patients with sarcoidosis (the level of ACE activity
was increased 2–4 times compared to the norm) and
in healthy donors revealed differences in binding of
several mAbs. Namely, in sarcoidosis a higher statisti-
cally significant binding of mAb 3G8, 1G12 and 6A12
to the enzyme N-domain, as well as mAb 1B3, 1E10
and 3F11 to the C-domain is observed (Fig. 2a). The
differences in the conformation of ACE from the lungs
and lymph nodes in patients with sarcoidosis and in
the control group were even more pronounced (Fig. 5
in [50]).

Similar study was performed with ACE from
plasma and tissues of patients with Gaucher disease,
which plasma ACE levels was increased 3–5-folds.
This disease is characterized by activation of macro-
phages (and dramatic increase of ACE expression in
these cells) in the spleen [16] and liver (our unpub-
lished data). The binding of the most mAbs to the
blood ACE in this pathology does not change, but
there is a statistically significant change in the binding

of mAb 3G8 and 6A12 (N-domain ACE) and mAb
3F11 (C-domain ACE) (Fig. 2b). In these both dis-
eases the source of increased levels of ACE in the
blood is activated macrophages. However visible and
significant changes in conformational fingerpint of
ACE (Fig. 2) confirmed the concept of the tissue
specificity of ACE: even ACE produced by the same
cells (macrophages) but in different organs (or upon
different diseases—sarcoidosis versus Gaucher dis-
ease) has different surface conformation.

We also analyzed the possibility of the presence of
conformationally altered ACE in the blood of patients
with uremia, a disease characterized by an extremely
high level of toxins in the blood. It turned out that even
in this case the binding efficiency of two mAbs with
plasma ACE of uremic patients differed from the effi-
ciency of binding these mAbs to ACE from plasma of
healthy donors. There were statistically significant dif-
ferences in the binding efficiency of mAb 1G12 to the
N-domain and mAb 1B3 to the C-domain of the
enzyme in four patients out of 20 (Fig. 3 in [45]).
Changes were affected not only the surface of the pro-
tein, but also affected its catalytic functions. It turned
out that the conformationally altered ACE is charac-
terized by an increased (up to 4 times) activity with
respect to the natural substrate angiotensin I, less effi-
ciently inhibited by a specific ACE inhibitor enalapri-
lat (tripeptide analogue widely used as an antihyper-
tensive agent) and practically was not inhibited by
another ACE inhibitor—nonapeptide teprotide. We
also analyzed a large sample of blood plasma from
healthy donors [48] and patients without uremia [62]
and found eight cases of the same conformationally
altered ACE as with uremia-which are less susceptible
to specific ACE inhibitors [45]. Thus, patients with
such conformationally altered ACE in their blood
should probably be given more intensive therapy with
ACE inhibitors, or replace them with antihypertensive
agents of another class.

Our pilot studies on the ACE phenotyping in dif-
ferent tissues and in various human diseases have
shown that the pattern of binding of mAbs set directed
to different epitopes on the surface of the ACE differs
both in the case of ACE from different tissues and in
different diseases. The obtained data allow to con-
clude that there are also differences in the local con-
formation of the ACE surface produced by various tis-
sues/cells.

What can be the nature of these differences? First
of all, differences on the surface of the enzyme may be
due to the replacement of amino acid residues in its
polypeptide chain. However, the ACE is encoded by a
single gene, and the currently known mutations affect-
ing the protein portion of the ACE are quite rare and
can in no way be related to differences in the surface of
the enzyme in different tissues of the same individual.

It is much more likely that the observed differences
are due to post-translational modifications of the pro-



MOLECULAR BIOLOGY  Vol. 51  No. 6  2017

CONFORMATIONAL FINGERPRINTING USING MONOCLONAL ANTIBODIES 911

tein globule, which, figuratively speaking, is “func-
tional decorating,” i.e. “Decoration with meaning.”
Post-translational modifications may include phos-
phorylation, sulfation, methylation, acetylation, etc.
[63]. But for a protein such as ACE, a typical glycopro-
tein with a high carbohydrate content, this post-trans-
lational modification is primarily glycosylation, which
can differ in proteins synthesized in different tissues,
both in degree and structure.

It is most likely that ACE produced by lung tissue,
as well as by altered macrophages in Gaucher’s disease
or sarcoid granulomas in sarcoidosis, differ in the
nature of glycosylation. The epitope of mAb 3G8
(binding of which to the blood ACE is altered both for
Gaucher’s disease and for sarcoidosis, Fig. 2) contains
two potential glycosylation sites—Asn25 and Asn82 on

the enzyme N-domain [42]. Epitopes of mAb whose
binding efficiency is altered in sarcoidosis contain the
following potential glycosylation sites: Asn416 (mAb
1G12 and 6A12) on the N-domain, as well as Asn666
(mAb 1E10) and Asn1196 (mAb 1B3) on the C domain.
Thus, it can be concluded that differences in the
degree of glycosylation and/or the structure of oligo-
saccharide chains in these sites are the basis of differ-
ences in mAbs binding to blood ACE in normal and
with the development of these pathologies.

Direct evidence of differences in the glycosylation
of ACE, synthesized in different cells and organs, was
obtained by comparing the conformation of the ACE
from the seminal f luid (produced by the epithelial cells
of the prostate and epididymis) and the lung ACE
(produced by the capillary endothelial cells) [62]. The

Fig. 2. Conformational fingerprinting of blood ACE. ACE from the blood plasma was precipitated onto the surface of a 96-well
microtiter plate using 16 mouse mAbs to various epitopes of human ACE, which were immobilized in the wells via affinity puri-
fied goat anti-mouse IgG. The activity of the precipitated ACE was measured directly in the well after washing unbound ACE
and incubating with ZPHL, an ACE substrate [30]. This activity is presented as a normalized value—the ratio of ACE activity
precipitated from the plasma of patients to the ACE activity from the plasma of healthy individuals (taking into account the dif-
ferent activities introduced). (a) Pool from four patients with sarcoidosis (against a pool of five control plasma samples) was used
to evaluate the conformation of ACE in sarcoidosis (adapted from Fig. 7 in [50]). (b) Pool from 10 plasma samples of patients
with Gaucher disease (against a pool of seven control samples) was used for the same purpose in the case of Gaucher disease
(adapted from Fig. 2 in [60]). The data are presented as the mean value, determined from the results of at least three measure-
ments in the case of antibodies, binding of which to ACE from patients changed less than 20% compared to the control (grey
bars), and 8–12 measurements if the changes exceeded 20% (colored bars). This ratio (“binding ratio”) when it increases by more
than 20% of the norm is colored orange, 50% light brown, 100% red, while a decrease of more than 20% is shown in yellow. Aster-
isks marked statistically significant differences, p < 0.05.
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binding of 10 mAbs (out of 17 tested) to the ACE from
the seminal f luid was different from binding to the
ACE from the lung (Fig. 3a).

Mass spectrometry analysis of tryptic fragments of
ACE from these preparations revealed differences in
glycosylation of sites located in epitopes of mAbs,
which were differently bound to these ACEs (Table 2
in [62] and Fig. 4). Further confirmation of the differ-

ent conformation of ACE expressed in different tissues

(i.e., tissue specificity of ACE) was obtained by ana-

lyzing the conformation of the ACE from the adrenals,

the tissue which is of neuronal origin (Fig. 3b), and the

ACE from the heart (Fig. 4c), which is produced not

only the capillaries of the heart, but also myofibro-

blasts [64], in contrast to the ACE of the lung (pro-

duced only by capillaries [9]).

Fig. 3. Conformational fingerprinting of ACE from different organs. ACE activity in purified ACE preparations from the seminal
fluid (a) and the heart (c), as well as from the adrenal homogenate (b), was precipitated and presented as in Fig. 2. Reduction in
the ratio (precipitation of ACE activity from this organ to ACE activity from the lung preparation—“binding ratio”) is shown in
blue more than 50% of the norm. (Part a is adapted from Fig. 1a [62], part c is from Fig. 3 [65]).
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Thus, there is a structural base for tissue specificity
of ACE (different glycans in some glycosylation sites
of ACE in different organs), which opens up the theo-
retical possibility of obtaining mAb specific for the
ACEs from different organs. During pilot immuniza-
tion of mice with ACE purified from seminal f luid, we
found lymphocytes which produce antibodies that dis-
criminate lung ACE and ACE from seminal fluid (Fig. 7
in [62]). Therefore, with a systematic approach, it is
possible to obtain such discriminating antibodies.

Are there any practical benefits from antibodies
specific for ACE from different organs? Indeed, in our
opinion, since such antibodies will allow to quantify
the amount ACE in the blood coming from different
organs, the proportion of which can vary with the
pathology of these organs. The first example of the use
of “conformational fingerprinting” of ACE is cardiol-
ogy, which we are currently developing together with
the groups of Elena Golukhova (Bakulev Center for

Cardiovascular Surgery, Moscow, Russia) and Olga
Kost (Moscow University, Russia).

In 2000 it was established (with the help of our

mAb 5F1) that expression of ACE is increased in the

heart tissues and, in particular, in the atria in atrial

fibrillation [66]. It was also previously shown that

ACE expression is elevated in the hypertrophied heart

and small vessels of the myocardium in suddenly died

patients (Bohle, Franke, Metzger, Danilov, et al.,

unpublished). An important role of the heart ACE in

the development of cardiac pathology was also revealed

in studies on transgenic mice in which the level of ACE

expression in the heart tissues was 100 times higher than

normal. In these mice, both atria (left and right) were

enlarged 3-fold, and an electrocardiographic study

revealed atrial fibrillation. Moreover, these mice had a

high predisposition to sudden death [67]. Thus, the

increase in the ACE expression in the heart can cause

Fig. 4. Differences in glycosylation of ACE from different organs. Differences in glycosylation of ACE from seminal f luid and
lungs, revealed by mass spectrometry of their tryptic fragments and presented in Table 2 in [62] are shown graphically. Asn480,
glycosylated in the N-domain of the ACE of the lung (isolated in green), is not glycosylated in the ACE of the seminal f luid (like
Asn731 in the C-domain of the ACE of the lung), whereas Asn117 in the ACE N-domain and Asn666 in the ACE C-domain gly-
cosylated differently in the ACE from the lung and seminal f luid.
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the development of atrial fibrillation and, ultimately,
lead to sudden death.

According to our estimates, the percentage of ACE
coming from the heart in the total ACE in the blood
does not exceed 1%. Thus, even an increase in the
ACE from the heart in the blood 3 times cannot sig-
nificantly affect the overall ACE activity in the blood.
However, the percentage of ACE of the heart that
“comes” into the blood and “supplement” the ACE
that enters the blood from the lungs can be assessed
and thus revealed patients with increased expression of
ACE in the heart if to have antibodies specifically “rec-
ognizing” only the ACE of the human heart (Fig. 5).

The efficacy of mAbs binding to both the N- and
C-domains of heart ACE is statistically significantly
different from the binding efficiency of the same mAbs
to the lung ACE. These differences can primarily be
attributed to differences in the glycosylation of the fol-
lowing potential glycosylation sites: Asn25 on the
enzyme N-domain, as well as As666 and Asn731 on

the C-domain (Fig. 3c). The revealed differences can
serve as the basis for obtaining mAbs specifically rec-
ognizing ACE produced by the heart tissues, for fur-
ther development of the clinical method for early
arrhythmia diagnostics.

It is very likely that such tissue-specific antibodies
against ACE may be suitable for early detection of can-
cer in a given organ. Normally, ACE produced in the
depth of tissue by cells other than endothelial cells (for
example, cells of sarcoid granulomas in the lungs or
prostatic epithelial cells) does not enter the blood.
Therefore, in lung only sarcoidosis, the content of
ACE in the blood is not increased [68], despite its huge
concentration inside the granuloma (Fig. 4 in [50]) as
well as an increase in the ACE activity in the seminal
fluid by 50 times compared with the concentration in
the blood [69]. With the development of the tumor
process in the organs, the expression of VEGF sharply
increases [70, 71], which, in addition, dramatically
increases the permeability of capillaries in tumor tis-

Fig. 5. Influence of atrial fibrillation on ACE activity in the blood. According to our estimates, the blood ACE is represented by
75% of the ACE that is “cleaved” from the surface of the endothelial cells (EC) of the lung capillaries, while the percentage of
ACE that has entered the blood from the heart is hardly more than 1%. In this case, with an increase in ACE expression 3-fold in
atrial fibrillation [66], the ACE activity of the blood can increase by more than 2%, which cannot be detected by any clinical test,
since ACE activity in the population varies 3–4 times [13, 18]. However, if to generate mAbs specifically “recognizing” only ACE
from the heart, a threefold increase in the activity of such ACE in patients at risk of developing atrial fibrillation may become a
trivial task. The figure is adapted from Fig. 9 in [65].
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sue through an increase in endothelial fenestration
[72]. It can be expected that an ACE synthesized in the
depth of an organ affected by a tumor will appear in
the blood, where it will be detected by an antibody
specific for the ACE of this organ.

Together with Marcin Paduch and Anthony Kossia-
koff (University of Chicago, USA) and Olga Kost
(Moscow University, Russia), we were able to select
from the synthetic phage library Fab fragments of
human origin, predominantly binding to the pulmo-
nary ACE, and literally a couple of months ago,
together with the Isolda Popova (Northwestern Uni-
versity, Evanston, USA) and Alex Lyubimov (Univer-
sity of Illinois at Chicago, USA) and Olga Kost (Mos-
cow University, Russia), we obtained mAb specific for
ACE from epithelial cells (and, in particular, the epi-
thelium of the prostate that does not “recognize” the
ACE of the lung (unpublished data)).

TARGETED DRUG/GENE DELIVERY
INTO THE LUNG ENDOTHELIUM 

USING MONOCLONAL ANTIBODIES TO ACE

The initial goal of the project was to obtain mAbs
against the organ-specific endothelium, which can be
used for targeted drug delivery to different organs. One
of the mAbs against ACE, obtained in the first series
(9B9), recognized not only human ACE, but also rat
ACE [32] (and also hamster and cat ACE, although to
a much lesser extent [30], which allowed to trace this
mAb after intravenous administration. We found
(together with Vladimir Muzykantov) that radioac-
tively labeled mAb 9B9 is extremely effective (up to
50% of the administered dose [73] and specificity
(30–50 times more than in other organs and blood)
accumulate in the lung [74–76]. Later we mapped the
epitope for mAb 9B9 [42] and also determined the rea-
son for such specific accumulation of mAbs to ACE in
the lung. The fact is that 100% of the capillaries of the
lungs express ACE (versus 5–15% of the ACE-positive
capillaries in the systemic circulation) [9], whereas in
healthy kidneys neither the glomerular endothelium
nor the intercellular endothelium produce ACE in
general [9]. Such heterogeneous expression of ACE
along the vascular bed with preferential expression in
the capillaries of the lung provides a specific accumu-
lation of antibodies in the lung during systemic admin-
istration.

Over the past 30 years, many attempts have been
made to use mAbs for other endothelial antigens to
deliver drugs/genes to the lungs [77], but the most suc-
cessful combination of specificity and efficacy have
shown mAb against ACE [76]. So, in addition to mAbs
against ACE (CD143), when isolated lungs are perfused
in capillaries, mAbs against endothelial antigens—
PECAM-1 (CD31), ICAM-1 (CD54), Thy-1.1
(CD90.1) and OX-43 are also specifically and effi-
ciently accumulated. However, with systemic admin-

istration, only mAb against ACE specifically accumu-
lates in the lung [76].

MAb against aminopeptidase P accumulates in the
lung with systemic administration even more specifi-
cally than mAb against ACE (lung/blood ratio is 124
for mAb 833c [78] versus 23 for mAb 9B9 [73]), so it
can be used for gamma-scintigraphy of lung capillaries
[78] (along with mAbs against ACE [74, 75]. However,
the expression of aminopeptidase P in lung capillaries,
although very specific, is very low (in comparison with
the amount of ACE expressed in human lungs—
approximately 20 mg, according to our estimates),
which does not allow the use this mAb (833c) for the
delivery to the lung therapeutically significant amounts
of drugs (proteins, genes, small molecules, particles).

Another remarkable advantage of ACE as a target
for drug delivery to the lung (and mAbs against ACE as
a vector) is a very low level of ACE expression in the
liver capillaries [9]. The point is that the “immediate”
accumulation of viruses or the liposomes (the main
carriers of the gene material in gene therapy) in the
liver during systemic administration presents a huge
problem for the targeted delivery of the gene material
(in liposomes or viruses coated with specific antibod-
ies) to other organs. Excessive accumulation of adeno-
viruses in the liver even caused the death of one of the
first patients subjected to gene therapy in 1999 [79].
When we “coated” (using a bispecific reagent) adeno-
viruses with mAb against ACE (9B9), we found not
only a 20-fold increase in the specific accumulation of
such “targeted” viruses in the lung, but also a 5-fold
decrease in the accumulation of viruses in the liver
[80]. Thus, the specific accumulation of gene material
in the lung increased by a factor of 100 compared with
accumulation in the liver (Fig. 6).

We thoroughly studied the phenomenon of accu-
mulation of mAbs against ACE (more than 30 publi-
cations) and developed effective methods of delivering
therapeutic proteins [81–85] and genes [80, 86] to the
lung endothelium, and in various experimental mod-
els showed a stable therapeutic effect of such gene
delivery [87–90].

Delivery of antioxidant enzymes to the lung capil-
laries (to prevent oxidative damage to the lungs as a
result of ischemia) could dramatically increase the
percentage of suitability for the transplantation of an
immunologically compatible donor lung after trans-
portation. Currently, the percentage of lung going to
transplantation after transportation is only 20% [91],
compared with 95% for the heart and kidneys. In addi-
tion, this approach can be used in acute respiratory
failure (ARDS) caused by acute oxidative damage to
the lung. Injection of catalase, conjugated with anti-
ACE antibodies, sharply increased the resistance of rat
lungs to various oxidative damage models [82–85].

Delivery to the lung capillaries of a nitrogen syn-
thase (NOS) gene prevented an increase in blood pres-
sure in the vessels of rats with spontaneous hyperten-
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sion [87] and the delivery of the bone morphogenetic

protein receptor gene (BMPR2) [88, 89] or endothelial

Thp1 [90] reduced the development of pulmonary

hypertension in rat models of hypoxia. Delivery to the

donor lung endothelium of the genes, the expression

of which prevents the rejection reaction of the trans-

plant, could be useful in lung transplantation.

Despite examples of the successful use of mAbs

against ACE, chemically conjugated with therapeutic

proteins or with mAbs against adenovirus surface pro-

tein (knob), it was clear that to further develop this

approach, and especially its possible clinical applica-

tion, it is necessary to clone the gene of antibody

against ACE in order to use subsequently genetic engi-

neering methods for conjugation with with therapeutic

proteins (fusion proteins) or with proteins of the sur-

face of viruses, or with the surface of nanoparticles.

It should be noted that the fantastic success of the

use of mAbs in the clinic (primarily oncology) is asso-

ciated with the development of genetic engineering

methods for cloning and expression of mAb genes, the

production of functional fragments of antibodies

(Fab, scFv, monobodies, diabodies, etc.) and various

conjugates, including bispecific antibodies—what is

Fig. 6. Specificity of delivery of reporter transgene into the lungs via mAb to ACE. (a) Rat lungs transfected in vivo with adeno-
viruses with a reporter transgene (CEA) and “coated” with mAbs against ACE are stained with antibodies against CEA. Expres-
sion of the transgene (brown staining), was absent in the lungs of rats transfected with viruses with transgene, but not “coated”
with anti-ACE mAb (adapted from Fig. 6a in [80]). (b) The activity of the reporter gene (luciferase) was evaluated in different
organs of the rat 3 days after adenovirus adenovirus administration (AdCMVLuc (2 × 109 pfu)) and expressed through luciferase
activity (RLU), normalized to 1 mg protein. The mean values of three experiments + SEM (adapted from Fig. 4a in [80]) are
presented. Expression of the reporter gene from the virus, “coated” with mAb against ACE, increased in the lungs by 20 times
(upper left graph) and decreased in the liver 5 times (upper right graph).
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now called Antibody Engineering ([92] (see also arti-
cles from this issue [Nedospasov, etc.]).

We were able to clone the genes of heavy and light
chains of the most used mAb 9B9 and get its fragment
(scFv). However, the binding affinity of this fragment
fell by two orders of magnitude [93]. Nevertheless, our
results allow us to hope for successful clinical applica-
tion of this approach, which is impossible, however,
when using mAb of mouse origin. The fact is that the
production of the first antibodies (especially to tumor
antigens) gave rise to an extraordinary revival in the
biomedical and biotechnological world, since it
seemed that a “magic bullet” was about to appear to
treat cancer. However, pretty soon it became clear that
mouse mAbs cannot be used as therapeutic, as injec-
tions of such mAbs lead to a significant production of
antibodies against mouse immunoglobulins—
Human-Anti-Mouse Antibodies (HAMA) response.
Therefore, in the 1980s, various approaches were
developed to “humanize” mouse mAbs and to obtain
antibodies using “humanized” mice [94].

An alternative to the “mouse” approach to obtain-
ing mAbs suitable for clinical (including therapeutic)
use was the development of phage synthetic libraries
containing fragments of antibodies expressed on the
surface of phage M13. Therefore, together with Mar-
cin Paduch and Anthony Kossiakoff (University of Chi-
cago, USA) and Olga Kost (Moscow University, Rus-
sia), we launched a project for the selection of human-
derived Fab fragments against human ACE from a very

representative (1010 variants) synthetic phage library
based on the famous antibody, Herceptin [95]. At
present, 16 non-identical phages bearing highly affin-
ity (about 20 pM) Fab fragments of human origin
against human ACE that are suitable for clinical appli-
cation-the delivery of therapeutic proteins and/or
genes to human capillaries-have been selected.

CONCLUSIONS

(1) The studies of ACE using mAbs to ACE have
shown that the “pattern” (conformational fingerprint)
characterizing the binding efficiency of a mAb set
directed to different epitopes on the surface of both
ACE domains is an extremely sensitive marker of
changes in the local conformation of the enzyme (e.g.,
by denaturation, inactivation, binding of inhibitors,
antibodies and various mutations). Since the binding
epitopes of all mAbs from this set have already been
characterized, it is possible to judge from the change in
the binding of one or another mAb to the ACE which
area of the protein surface has undergone changes.

(2) Phenotyping of human ACE from different tis-
sues and organs convincingly showed that the mAbs
set directed to different epitopes on the surface of the
ACE, differently binds to the ACE. This means that
the conformation of the surface of the ACEs expressed
by different tissues/cells also differs.

(3) The observed differences are due to post-trans-
lational modifications of ACE, which may include
phosphorylation, sulfation, methylation, acetylation,
etc. But for ACE, a typical high-carbohydrate glyco-
protein, this post-translational modification is pri-
marily glycosylation, which is different for proteins
synthesized in different tissues, both in the degree of
glycosylation, and in the structure of glycans.

(4) Tissue specificity of ACE, revealed by confor-
mational fingerprinting, creates a structural base for
the generation of mAbs specific for ACE from differ-
ent organs, which, in turn, can dramatically expand
diagnostic capabilities.

(5) The generation of mAbs to the maximum num-
ber of epitopes of the given glycoprotein greatly
enhance a possibility of a structural and functional
study of this protein. The concept of conformational
fingerprinting using a wide panel of mAbs is certainly
applicable to the study of a wide variety of proteins.
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